In this work we present an application of TV holography to the generation of movies showing the propagation of acoustic guided waves in aluminium plates. Each movie shows a wavetrain whose envelope (i.e., the acoustic amplitude) and carrier wave move at the group and phase velocities, respectively. In particular, we use the S0 Lamb mode and the Rayleigh wave to illustrate the behaviour of dispersive and non-dispersive waves. Both wavetrains were generated by means of the classical wedge method and detected with our double-pulsed TV holography system, which renders 2D maps of the instantaneous out-of-plane displacement fields of the plate surface. The snapshots of the movie are obtained from a set of these 2D measurements, taken under repeatability conditions by successively increasing the delay between generation and detection. Then, a processing based on the 3D-FFT is applied to the set; the result is a new set of complex maps that permits to characterize the evolution of the positions of the envelope centre and of a point with a given value of the phase, so that it is possible to compare the phase and group velocities of the wavetrain.
INTRODUCTION
The study of the behaviour of specific ultrasonic waves is an important means to obtain information with which to perform the characterization of a sample.
1 Indeed, acoustic waves propagate differently depending on the elastic constants of the sample material and on the possible non-homogeneities that the sample may have. Thereby, the use of ultrasound is adequate to the determination of the elastic constats of the material and to the detection of flaws inside the sample. The kind of ultrasonic waves employed to make the inspection varies depending on the sample geometry. Usually bulk waves are used, but in some structures such as plates or rods, although bulk waves can be employed, guided waves are more appropriate.
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In plate materials, two of the most widely used guided waves are Rayleigh and Lamb waves. 3 The first type are surface waves that propagate theoretically in plates with infinite width and the second type are waves that propagate in plates of finite thickness with stress-free boundaries, as a consequence of the successive reflections of longitudinal and shear waves in the boundaries of the plate. As a matter of fact, Rayleigh waves are a specific kind of Lamb waves for high values of the frequency-thickness product.
The detection of Rayleigh and Lamb waves is usually performed by means of a pointwise method (PZTs, EMATs, laser interferometers,...), 4 with which the temporal evolution of the stress or displacement at a given point is obtained. Then, the recording of the signal at different points permits to calculate the behaviour of the wave, more specifically, the phase and group velocities between two of the recording points.
5-8 Furthermore, it is possible, by scanning, to obtain the spatial shape of the wavefront in a 2D area of the surface, although the results obtained using this approach are not very good because of the lack of repeatibility of the experiments, due, to a great extent, to ultrasound coupling inconsistencies and to the slow measuring rate.
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A different approach to visualize the shape of the wavefront is based on the use of a full-field interferometric technique, that yields the 2D displacement field (either in-plane or out-of-plane) of the surface points of the plate. TV holography (TVH) is arguably one of the most interesting of these techniques, and has been successfully applied to the measurement of Rayleigh and Lamb waves.
In this paper we present an application of our double-pulsed TVH system to the generation of movies in which the propagation of dispersive and non-dispersive wavetrains is observed. A processing is made that allows to locate the centre of the wavetrain and a point with constant phase inside it, which move at the group and phase velocities respectively. Then, by comparing these two velocities, it is possible to characterize the dispersive behaviour of the wavetrain.
THEORY 2.1 Rayleigh and Lamb wavetrains
The phase velocity of a time-harmonic wave is defined as the velocity of a point that successively occupies the positions of constant phase. For a guided acoustic wave that propagates along the longitudinal direction of a plate x 1 , the phase velocity can be expressed as:
where k 1 is the wavenumber and ω is the circular frequency. In general, the value of c p depends on the wave frequency f, i.e., the relation between k 1 and ω is non-linear. Then, the different harmonic components that constitute a wavetrain of finite bandwidth propagate at different velocities and generally none of them correspond to the velocity of the wavetrain itself.
The actual shape of the curve k 1 (ω) depends on the nature of the acoustic wave. However, if the bandwidth of the wavetrain is relatively narrow, this curve can be approximated by a first order Taylor polynomial around the carrier circular frequency ω 0 , so:
being k 10 = ∂k 1 /∂ω at ω = ω 0 . In this case, the propagation of a narrowband wavetrain is described by a carrier wave moving at the phase velocity inside an envelope moving at the group velocity. For example, the instantaneous out-of-plane displacement field at the surface of a plate is given by:
being u 3m (t) the temporal envelope of the wavetrain, i.e., the acoustic amplitude at x 1 = 0, and, for simplicity, we ignore the constant phase term ϕ 30 . The velocity of the carrier wave corresponds to c p = ω 0 /k 10 , i.e., the phase velocity at the central frequency of the wavetrain. On the other hand, the envelope moves at the group velocity c g = 1/k 10 . Then, the group velocity of a guided acoustic wave at a certain frequency is:
Therefore, the propagation of a guided acoustic wavetrain is determined by the phase and group velocities at its central frequency. Then, we introduce the equations that characterize these velocities for Rayleigh and Lamb waves.
Rayleigh waves are a well-known kind of acoustic waves that propagate in the surface of a medium whose depth is much bigger than the wavelength of the longitudinal and shear waves inside it. They were first investigated by Lord Rayleigh, 12 who established the relation between the Rayleigh wave phase velocity c R at the surface of an isotropic solid and the longitudinal and shear wave velocities, c L and c T , respectively, within such solid. This relation can be found for example in Ref. 13 in adimensional form:
Eq. 5 shows that the phase velocity of the Rayleigh wave is independent of its frequency, so that this kind of wave is non-dispersive in isotropic solids. Then, Eq. 3 reduces to: Thereby, as the phase and group velocities of a Rayleigh wavetrain are the same, no relative motion between the carrier and the envelope is produced.
Lamb waves are also a well-known kind of guided acoustic waves that propagate in plates with stress-free boundaries. They arise as a consequence of the superposition of longitudinal and vertically polarized shear waves successively reflected in the plate boundaries. Lamb waves were also first studied by Lord Rayleigh, 14 who established the characteristic equation for an isotropic medium. However, they were named after Horace Lamb, who first investigated numerically the so-called Rayleigh-Lamb equation. 15 There exist infinite dispersive modes that are classified into two types depending on the symmetry of the displacements with respect to the mean plane of the plate. These two types, namely symmetric (S) and antisymmetric (A) Lamb modes, must verify the following equation:
where:
Although deceptively simple, Eq. 7 must be solved numerically to obtain the relation between the wavenumber and the circular frequency, so that the phase and group velocities of a certain Lamb mode at a given frequency are obtained from Eqs. 1 and 4 respectively. The dispersion curves showing the variation of the phase and group velocities of the first three symmetric and antisymmetric modes as a function of the frequency-thickness product are displayed in Fig. 1 in adimensional form. Then, the out-of-plane displacement field produced by a single-mode Lamb wave is given by Eq. 3, which can also be expressed as:
QQ" Figure 2 . Layout of the double-pulsed TV holography system. The first laser pulse is synchronized with the beginning of the PZT excitation burst, i.e. the wave has not already reached the plate. On the other hand, the second laser pulse is delayed by ∆t, so that the wavetrain is in the field of view.
being c p and c g obtained from the curves of Fig. 1 .
The two first Lamb modes (A0 and S0) tend to be non-dispersive for high values of the frequency-thickness product. As a matter of fact, the superposition of an A0 and a S0 Lamb modes with the same amplitude tends to the Rayleigh wave when the thickness of the plate is much larger than the wavelength of the modes.
Video ultrasonics by pulsed TV holography
TV holography, also known as electronic speckle pattern interferometry (ESPI), is a well-established full-field interferometric technique, valid for the inspection of rough surfaces with non-specular finish. It is based upon the recording of correlograms or holograms that are formed in the image sensor as a consequence of the interference between a reference beam and an object beam scattered back by the part to be measured. 16 The illumination and observation geometry of a TVH system can be set up to render the displacements of the object points in a given direction, being usually employed the in-plane (parallel to the object surface) and the out-of-plane (normal to the object surface) configurations. For example, in the out-of-plane configuration the variable part of the object optical phase difference φ o (x, t), i.e., the component of the optical phase depending on the change in the position of the object points, is related to the instantaneous out-of-plane displacement field u 3 (x, t) at the plate surface as follows:
where λ is the wavelength of the laser.
Our self-developed double-pulsed TVH system depicted in Fig. 2 was used in order to obtain maps of the instantaneous displacement field of the surface points of a plate. For this purpose, we employ two short laser pulses to record two correlograms delayed a short time. Then, we apply a processing procedure based on the spatial Fourier transform method (SFTM)
11 to obtain the optical phase-change ∆Φ (x, t 1 , t 2 ) between the recording instants t 1 and t 2 , which is equal to the difference φ o (x, t 1 ) − φ o (x, t 2 ). Usually, when using narrowband excitation, the delay between recording instants is set to and odd number of half-periods of the acoustic wave, so that double sensitivity is obtained. However, this approach gives unsatisfactory results at the front and trailing edges of an acoustic wavetrain, as the wave is shifted between t 1 and t 2 , so the shape of the resulting map does not correspond exactly to the instantaneous out-of-plane displacements field. Therefore, in this work one of the correlograms is taken with the plate at rest (synchronized with the beginning of the PZT excitation burst), and the other one is taken with the acoustic wave in the field of view (see Fig. 2 ). In this case, the optical phase-change map is given by:
Typical examples of the out-of-plane displacement maps obtained when there is a relatively short acoustic guided wavetrain propagating in the plate are shown in Figs. 3 and 4 .
The synchronization of our system allows a fine control of the delay between the burst that generates the acoustic wave and the instant in which the measurement is taken. Then, provided repeatability conditions apply in different experiments taken successively increasing this delay, the resulting maps can be used as snapshots of a movie that shows the propagation of a transient wave along the plate. This capability was reported in Ref. 17 and we call it video ultrasonics by pulsed TV holography (VUPTVH).
A second processing procedure also based on the SFFT method is applied to the optical phase-change maps. Although it is possible to use the 2D-FFT of each map, 11 when dealing with a set of maps equally delayed a more appropriate solution is to use the 3D-FFT considering together the data of all the maps. 18 The result of this second procedure is a set of complex maps in the form:
If a wavetrain comprising just a few cycles is propagating along the plate, the amplitude and phase of each complex map is obtained by identifying Eqs. 14 and 3, i.e.:
ϕ (x, t) = k 10 x 1 − ω 0 t
By combining the information of amplitude and phase we obtain the filtered optical phase-change maps, that are given by:
Figs. 3 and 4 also show the amplitude maps, the phase maps and the filtered maps corresponding to relatively short guided acoustic wavetrains.
EXPERIMENTAL RESULTS
In this section we use the VUPTVH technique to illustrate the behaviour of dispersive and non-dispersive guided acoustic wavetrains.
The waves are generated by means of the classical wedge method (see Fig. 2 ) in aluminium plates, carefully selecting the wedge angle to match the phase velocity of the guided wave at the acoustic frequency of the excitation burst. Thereby, single-mode wavetrains are formed with out-of-plane amplitudes in the order of 10 nm.
Two wavetrains corresponding to dispersive and non-dispersive guided acoustic waves were used in the experiments. The position of the centre of the envelope can be determined in the amplitude maps, for example by fitting its central horizontal profile to a gaussian curve (which is a good approximation for the shape of the envelope). On the other hand, the phase maps offer a good means to locate a point with a determined value of the acoustic phase. Then, phase and group velocities can be compared from the movements of the centre of the envelope (marked with a dot in Figs. 3 and 4 ) and the point with constant phase (marked with a cross in Figs.  3 and 4) . 
Non dispersive wave
A Rayleigh wavetrain was used to illustrate the behaviour of non-dispersive waves. As we explained in section 2.1, the Rayleigh wave is a non-dispersive wave that appears at the surface of a half-space, which can be regarded as the superposition of the A0 and S0 Lamb modes when the frequency-thickness product is high.
We used a burst of 5 pulses with a central frequency of 1MHz to generate a Rayleigh wavetrain in an aluminium slab 30.0 mm thick, by means of a wedge made of PMMA with θ = 65
• . Fig. 3 displays the optical phase-change map, the amplitude map, the phase map and the filtered optical phase-change map for three different instants delayed by 5.4 µs. No relative motion between the peak of the envelope and the point of constant phase is detected, what means that, as expected, phase and group velocities are the same.
Dispersive wave
A single-mode Lamb wavetrain was utilized to show the behaviour of dispersive waves. In particular, we used the S0 mode, in which the phase velocity is larger than the group velocity throughout the frequency range.
A wavetrain corresponding to the S0 Lamb mode was excited in a plate 1.97 mm thick with a burst 10 cycles in length and central frequency of 1.11 MHz, by utilizing a wedge made of PMMA with θ = 42
• . It corresponds to the most dispersive region of the S0 mode, so that, as shown in Fig. 4 (which also displays three snapshots delayed by 5.4 µs), the phase velocity is clearly larger than the group velocity, i.e., the carrier seems to originate at the rear of the group and to propagate rapidly forwards. 
CONCLUSIONS
A self-developed double-pulsed TV holography system was employed to visualize the dispersion of wavetrains corresponding to the S0 Lamb mode and to the Rayleigh wave, generated by the wedge method in aluminium plates. The system renders a 2D map that shows the instantaneous out-of-plane displacement field of the surface points of the plate, allowing the recording of transient phenomena such as the propagation of wavetrains a few cycles in length. The delay between the generation of the wavetrains and the recording instant can be accurately controlled with the synchronization system, in a way that it is possible to perform the measurement several times under repeatability conditions, successively increasing such delay. In this manner, a set of maps is obtained that serve as snapshots of a movie that allows observing the dispersive nature of the waves.
From the movies rendered with the herein presented technique the phase and group velocities of the wavetrain can be compared, taking into account the movement of the centre of the envelope (i.e., the acoustic amplitude) and the movement of a point with a given value of the phase. The positions of these points are determined in the amplitude and phase maps obtained with a processing method based on the 3D-FFT. Then, the movies show the evolution of the positions of these points, in a way that no relative motion is detected in the Rayleigh wavetrain (non-dispersive) whilst in the S0 wavetrain (dispersive) the point with constant phase moves much faster than the centre of the group.
